Abstract. We report new measurements of the mobility µ of O − 2 ions in supercritical neon in the range 45 K ≤ T ≤ 334 K for number density N ≥ 0.5 nm −3 . We rationalize the experimental data of all isotherms with the Stokes-Cunningham formula by computing the ion hydrodynamic radius as a function of T and N with the thermodynamic free volume model developed for the ion mobility in superfluid He. The model parameters are determined by re-analyzing published data for T = 45 K for N up to N ≈ 1.65N c (N c ≈ 14.4 nm −3 is the critical number density), which roughly span four orders of magnitude of the Knudsen number (0.1 ≤ K n ≤ 1000), covering the transition from the kinetic-to the hydrodynamic transport regime. These parameters provide an excellent description of the dependence of µ on N for all higher isotherms and yield a strict test of the model validity, thereby bridging the gap between the kinetic-and the hydrodynamic transport regimes.
The knowledge of how ions drift through a gas or liquid under the action of an electric field is very important for both applications and fundamental science in physics and chemistry. The theory of ion transport is basic for many applications of low temperature plasmas [1] [2] [3] in biology, chemical synthesis, electrical discharges, highenergy physics [4] , and is also fundamental to shed light on the kinetic processes related to the complex interaction between charges and environment. In low-density gases the Kinetic Theory describes the ion mobility µ via the momentum transfer scattering cross section determined by the ion-atom interaction potential [5] . In high-density environments, the motion of thermal ions occurs in the hydrodynamic regime and the Stokes formula can be used to describe µ by introducing an effective hydrodynamic radius R. In this case the ions are used to probe the microscopic structure and behavior of liquids such as superfluid He (for a review, see [6] ), hydrocarbons [7, 8] , and cryogenic liquids [9] [10] [11] . However, a unified theory (or model) describing how the ion transport behavior crosses over from the kinetic-to the hydrodynamic regime is still missing. Supercritical gases, whose density can be varied in an extremely broad range, offer a unique test field to seek for a solution that bridges the gap between dilute gas and liquid.
Whereas the behavior of cations is amply investigated because are easily produced by direct ionization of the sample by means of high-energy radiation or electrical discharges, negative ions are not as thoroughly studied in spite of their relevance, e.g., in the physical chemistry of the atmosphere [12] , because are produced by the quite inefficient, resonant, low-energy electron attachment process to electronegative molecular impurities [13] . A temporary anion formed in a vibrationally excited state [14, 15] rapidly decays by autodetachment unless it is stabilised by collisions with host gas atoms [16] [17] [18] [19] [20] . The processes leading to the formation of stable anions depend on the environment and give origin to states which cannot be adiabatically result by the addition of the ion to the environment [21] and whose structure is more complicated than that of cations [22] . Among electronegative impurities such as CO 2 [23] , NO [24] , and SF 6 [25] , O 2 [26] , whose electron affinity is ≈ 0.45 eV [27] , plays the most important role because its ubiquitous presence as impurity even in the best purified gas makes the same ionic species, O − 2 , available to probe sample specific features. The mobility of O − 2 has been investigated only in few experiments: in liquid Ar and Kr [9] and Xe [9, 11, 28] and in supercritical He [29, 30] , Ne [30, 31] , and Ar [32, 33] . Here, we report new results obtained in Neon gas on several isotherms in a broad density range and show how the experimental results are very well rationalized by a recent thermodynamical model aimed at predicting the ion hydrodynamic radius [34] [35] [36] [37] [38] .
The experiment is based on the pulsed Townsend electron photoinjection technique. The technical details of the experiments are described in literature [31] . Ions are produced by resonant electron attachment to O 2 impurities in a concentration of a few tens of ppm. The drift field is so weak that the density normalized field E/N never exceeds a few tens of mTd (1 Td = 10 −21 V m 2 ). Thus, the ions always are in thermal equilibrium with the gas and µ does not depend on E/N, as shown in Fig. (1) .
The theoretical interpretation of such measurements is still unsatisfactory. In the gas at low-up to intermediate N along isotherms the experimental density normalized mobility µN showed a small, though unmistakable, almost linear dependence on N [30] . This dependence is also present in the new measurements displayed in Fig. (2) whereas, according to the Kinetic Theory [39] , µN should be constant
in which R is the hard-sphere radius of the ion and m r is the ion-atom reduced mass. Moreover, the low density limit of µN disagrees by a factor ≈ 2 with the Langevin's prediction [5, 31, 40] .
By contrast, at densities comparable to those of a liquid, the ion mobility cannot simply be described by the hydrodynamic Stokes formula with a constant hydrodynamic radius R µ = e 6πηR (2) in which η is the viscosity, even if the Navier-Stokes (NS) equations are solved by taking into account the density and viscosity non-uniformities induced by electrostriction [31, 41] (dashed line in Fig. (3) , in which the experimental data for T = 45 K [31] are shown). A great improvement of the rationalization of the experiments has been achieved by accounting for the structure of the O − 2 ion [42, 43] . Besides the solvation shell formed by electrostriction [44] , the additional electron interacts with the electronic shells of the surrounding atoms via repulsive exchange forces that overwhelm the attractive polarization interaction and a void is created around the bare ion. So, the transport is determined by the interaction of such large complex structure with the gas and is quite insensitive to the ionic species. Detailed calculations [42, 43] yield the void radius R by minimizing the free energy of the complex and obtain the gas density profile established around the ion. R turns out to be almost independent of N whereas the local density profile induced by electrostriction strongly depends on the polarizability of the gas. In Ne the measurements were carried out T ≈ 45 K [31] , i.e., very close to the critical temperature when the gas is most compressible. As a consequence of its large polarizability, size and density of the solvation shell cannot be neglected. At the largest N the mean free path and the mean interatomic separation are much smaller than the cavity size and the hydrodynamic Stokes formula Eq. (2) is used to describe µ. The position of the maximum of the density profile is chosen as hydrodynamic radius and η is evaluated at the density of the maximum. The agreement with the data is quite reasonable for 15 nm −3 ≤ N ≤ 25 nm −3 but it fails at reproducing the data for smaller N and the crossover between Knudsen-and hydrodynamic regime [42] (dotted line in Fig. (3) ).
Recently, a heuristic model has appeared which successfully rationalizes electron and cation mobility in liquid and supercritical He [34] [35] [36] [37] [38] . The model is based on the free volume concept adopted in the past to predict properties such as the ionic conductivity in polymers [45] and the viscosity of liquids [46] . The model provides a thermodynamic equation of state (EOS) for the N and T dependence of the free volume V f available for the ion motion. The linear size of the free volume per particle is assumed to be related to the effective radius in the Stokes formula. Electrons in liquid helium are fully solvated and are surrounded by a hollow cavity so that the volume per solvated particle is 
in which P is the ordinary pressure and Π is the internal pressure that accounts for the attractive potential energy contributions in the system. For a fully developed solvation shell of spherical shape, its linear size is simply given by R − R 0 = (3V s /4π) 1/3 , where R 0 is the hard-sphere radius of the charge-medium interaction. By contrast, for ions in a supercritical gas, compressibility effects have to be taken into account. At constant T , the solvation shell size follows the behavior of the compressibility [47, 48] . Starting from low N the shell is gradually growing up along with the compressibility. At higher N compressibility and size reach a maximum and then decrease with a further density increase whereas the free volume is a monotonic function of N. Thus, we expect that both V s and R − R 0 = g(V f /N) are functions of V f /N. The analytical forms of Π and g have to be determined by enforcing agreement with the experimental results. At high N, where the Knudsen number, , i.e., the ratio of the atom mean free path ℓ to the size of the ion R, is K n = ℓ/R ≪ 1, the ion drift occurs in the hydrodynamic regime described by the Stokes formula. However, as most of the experimental data fall in the transition region from the hydrodynamic-to the kinetic regime in which K n ≫ 1, we extend the predictive range of the model by using the empirical Millikan-Cunningham interpolation formula for the mobility [49] [50] [51] 
This approach has quite successfully been pursued, for instance, for localized electrons in dense He [52] and Ne gas [53] . The slip correction factor φ must vanish at high N and, for large K n at low N, it must be such that µ is given by Eq. (1). Several analytic forms are proposed in literature (for a review, see [54] ), but we have chosen the present one by enforcing agreement with the data. The published Neon data at T = 45 K [31] span a broad density range 0.17 N/N c 1.7 that almost entirely covers the crossover region and their re-analysis allows us to fix all the model parameters. According to the Occam's razor principle [55] we have tried to keep their number as small as possible. Firstly, the simplest choice for the internal pressure term far away from any phase transition is
The α parameter determines the density of the compressibility maximum. The experimental data show a shallow minimum around N m ≈ 11.5 nm −3 . Thus, it is reasonable to assume that the effective ion radius is maximum for this density value where the system compressibility is the largest. This observation yields α = 8.937 × 10 5 Pa nm 6 . It is extremely interesting to note that the same value gives good agreement with the data in liquid and supercritical He [34] [35] [36] [37] [38] . α, which is related to the attractive interactions, appears to be system independent, being thus endowed with some sort of universal character.
We expect that the effective ion radius at constant T is given by a functional form of the scaled free volume V 0 /V s , in which V 0 belongs to a suitable reference state, identical to that which allowed the rationalization of other mobility measurements [34] [35] [36] [37] [38] 
By casting Eq. (3) in the form
with δ = 0.15, a fit of the mobility data at the highest N gives the values R 0 ≈ 0.315 nm, ǫ 1 = 1/2, ǫ 2 = −1, and γ = 6.3. For the Neon EOS we used literature data [56] . We emphasize that the analytical form of Eq. (6) has been determined by investigating several possibilities and picking the simplest form provided that it minimizes the deviations from the data. We also note that this analytical form is valid for all other mobility measurements [34] [35] [36] [37] [38] . An analysis of the data for T > 45 K shows that K(T ) roughly describes an exponentially decreasing function of T /T c . Its best form is
with k 1 = 148.05, k 2 = 2.0285, ζ = 2.0279, and ξ = 3. Its physical meaning is that it makes the effective radius more sensitive to the free volume at low T whereas it guarantees that, at higher T and low N, the effective radius roughly tends to the hardsphere radius of the ion-atom interaction potential.
For the slip factor correction we used a modified version of the formula proposed by Knudsen et al. [57, 58] in order to account for objects whose size may depend on T and N φ(N, T ) = 1 2
In order to evaluate the Knudsen number we used the experimental determination of the mean free path from the viscosity as prescribed by the Kinetic Theory [59] 
in whichv = [8k B T /πm r ] 1/2 is the mean thermal velocity. η is computed with NIST software. The analysis of the data at higher T requires the introduction of a temperature dependence in the slip factor by the function χ(T ) which is approximately constant in the 65 K < T < 250 K range but slightly increases the correction factor at higher T and reduces it at lower T . Its role can heuristically be understood by noting that it favors the ion hydrodynamic drift behavior at lower T where the formation of a solvation shell is easier. Its best form is
with χ 1 = 36.479, ζ 2 = 2.6931, χ 2 = 0.957, ξ 2 = 3.2117, and χ 3 = 7.8475. At the same time the factor e Tc/T (1 − e −T /Tc ) has been included in order to obtain agreement with the temperature dependent, low-density limit of the experimental data.
The model prediction for T = 45 K is the solid line in Fig. (3) . It is interesting to note that the agreement with the data, though still not perfect, is now obtained over the entire density range thereby bridging the kinetic-and hydrodynamic transport regimes.
It also interesting to compare in Fig. (4) the hydrodynamic radius given by Eq. (6) and the effective hydrodynamic radius
with its experimental determination obtained by inverting the Stokes formula. First of all, we note that the experimental radius shows a maximum at precisely the same density of the shallow minimum in µN. The hydrodynamic radius computed by Eq. (6) shares the same behavior although it is more than 20 % larger. However, if the slip factor is accounted for, the experimental and the computed radii are in very good agreement. The position of the maximum is fixed by the choice of the α parameter that contains all the contributions of the attractive potential energy in the system. The compressibility is maximum when the attraction and repulsion forces between atoms are in balance so that the atoms can more easily rearrange themselves to build local structures without too large a free energy cost [48] . Actually, the maximum compressibility of the pure gas occurs for N c , whereas the presence of the strong attractive ion-atom polarization interaction increases the gas compressibility by shifting its maximum to a lower N. Although all parameters in the free volume model have mainly been determined by seeking for agreement with the low T data, we have applied the model to all 15 investigated isotherms by keeping the parameters fixed at the values determined at low T. In Fig. (2) we compare the model prediction with the experimental data on three higher isotherms. We see that the model is remarkably successful at describing the N and T dependence of the experimental data.
In conclusion, we have measured the mobility of Oxygen ions in supercritical Neon gas for 45 K < T < 334 K and adopted the free volume model to compute the hydrodynamic radius of the complex that is formed as a balance between long range attractive polarization interaction and short range repulsive exchange forces when an ion is embedded in a fluid. The variation of the hydrodynamic radius that at first increases with N, reaches a maximum for N m < N c , and then decreases as N is increased further can be interpreted as the condensation, growth and compression of negatively charged clusters [37] . Remarkably, in the present case the clusters are formed around a cavity surrounded by a solvation shell in which a negative ion is embedded. Thus, the measurements of the O − 2 mobility in a non polar solvent yield pieces of information specific to the solvation shell because the ion core can safely be expected to stay unchanged owing to the strong short-range repulsive exchange forces and any change of the cluster size has to be attributed to changes of the thickness of the solvation shell itself.
In order that the description of the mobility bridges the low-density kinetic transport regime and the high-density hydrodynamic one we used a modified version of the Millikan-Cunningham slip factor. We have to stress the fact that a good description of the density dependence of the mobility data on all isotherms is obtained by using the parameter values that are mainly determined from the analysis of the low temperature data. In spite of the fact that some experimental observations cannot fully be explained by the present approach, such as a residual, extremely weak field dependence of µ at low N and high T , we are confident that these results are promising to extend the investigation to negative ions in other noble gases as well as to positive ions in different fluids.
